Abstract: Atypical kinase family, ABC1 (the activity of bc1 complex) genes play essential roles in plant growth, development and responses to be environmental stresses. Here, a novel gene, AtSIA1 (A. thaliana Salt-Induced ABC1 kinase 1) was cloned and characterized in Arabidopsis. Semi-quantitative RT-PCR analysis revealed that it constitutively expressed and mainly induced by salt treatment. AtSIA1-GFP fusion analysis showed that AtSIA1 is localized in chloroplasts. Transgenic plants with overexpression of AtSIA1 show higher tolerance to salt stress than that of the Col-0 and the knock-out mutant sia1 during seedling growth. Taken together, our results suggested that AtSIA1 may be involved in salt stress tolerance in Arabidopsis.
Introduction
Drought and salinity are becoming particularly widespread in many regions of the world because of climate environment deterioration. The increasing use of fertilizer for optimal quality and poor quality irrigation waters may increase the amount of residual salts in the soil, which can potentially cause the salinity to build up (Cabrera et al. 2003) . Almost a half of the irrigated agricultural arable land of the world will be affected by high soil salinity by the year 2050 (Zhu 2001) . The high concentration of salt in the soil could severely affect plant growth and development. It is necessary to develop efficient strategies to cope with environmental stresses. Many naturally salt tolerant plants have been shown molecular, physiological, developmental and morphological characteristics of evolved adaptive mechanisms at multiple levels. Generally, as the earliest response regulatory genes, protein kinase plays a central role in the regulation of environmental adaptability (Ouyang et al. 2010) .
The ABC1 protein, originating from the Saccharomyces cerevisiae ABC1 gene (activity of bc1 complex), possesses dual function, including assisting cytochrome b mRNA translation and the electron transfer in the bc1 complex (Bousquet et al, 1991) . The ABC1 protein belongs to the so-called ABC1 protein family, with members throughout both prokaryota and eukaryota, for example, AarF from Escherichia coli (Macinga et al. 1998 ) and ABC1 from yeast (Bousquet et al. 1991) . Further analysis suggested that the absence of ABC1p affect the assembly of complexes II III and IV (Brasseur et al. 1997) . By functional complementation of yeast ABC1 mutant, Cardazzo et al. (1998) have identified that an Arabidopsis thaliana ABC1-like protein partially restored the activity of complex III in an ABC1 mutant. However, more recent data suggest the atypical kinase function of ABC1 proteins is related to the regulation of the synthesis of coenzyme Q biosynthesis (Hsieh et al. 2004) . Jasinski et al. (2008) investigated that AtOSA1 (A. thaliana oxidative stress related ABC1-like protein) is implicated in the plant response to oxidative stress generated by Cd 2+ , hydrogen peroxide (H 2 O 2 ), and light. Overexpression of TaABC1 (Triticum aestivum L. activity of bc1 complex) protein enhanced tolerance to drought, salt, and cold stress resistance by maintaining reactive oxygen species homeostasis and increasing the expression of stress-responsive genes, such as DREB1A, DREB2A, RD29A, ABF3, KIN1, CBF1, LEA, and P5CS (Wang et al. 2011) . Recent data suggested that the chloroplast AtACDO1 protein, an ABC1-like kinase gene, plays important roles in mediating the 1108 S. Yang et al.
chlorophyll degradation and maintaining the number of the chlorophyll-binding photosynthetic thylakoid membranes, as well as photooxidative stress response (Yang et al. 2012a) .
The main goal of this study was to investigate the biological function of AtSIA1. Here, our results demonstrated that the AtSIA1 was localized in chloroplast and the AtSIA1 over-expression transgenic plants enhanced salt resistance in Arabidopsis. Thus, it is suggested that AtSIA1 may be involved in the response of salt stress tolerance. This study of the response mechanism would provide useful industrial transgenic plants with increased tolerance to salt stress for application of sustainable agriculture.
Material and methods

Plant materials and growth conditions
All the Col-0 and mutant Arabidopsis (Arabidopsis thaliana) lines used in this study were in the Columbia-0 (Col-0) background. Arabidopsis plants were grown in a controlled growth room at 22 ± 2
• C under long-day conditions (16/8 h light/dark). For in vitro experiments, seeds were surface-sterilized for 5 min in 1% NaClO solution and washed five times in sterile distilled water, plated on growth medium (MS medium, 1.5% sucrose and 0.8% agar), vernalized at 4
• C for 2 days in the dark and then exposed to white light. The constructs in binary vectors were transformed into Agrobacterium EHA105, which were then used to transform A. thaliana (Columbia ecotype) following the floral-dip method (Clough & Bent 1998) . Transgenic seedlings were selected on MS agar plates with 50 mg/L kanamycin or 30 µL/100 mL herbicide Basta.
Gene expression analysis
The total RNA was extracted from Arabidopsis seedlings or organs with TRIzol Reagent (Invitrogen, http://www. invitrogen.com), according to the manufacturer's instructions. Reverse transcription (RT) was performed with an oligo (dT) primer. RNA (1 µg) was heated at 70
• C for 10 min and then immediately chilled on ice. RNA was then subjected to RT with reverse-transcriptase MMLV-RT SPCL (Invitrogen) at 42
• C for 1 h, following the manufacturer's protocol. Synthesized cDNA was used as the PCR template.
Salt-stress treatment
Seedlings of the homozygous lines of 35S::AtSIA1, sia1 and Col-0 were germinated on MS medium for four days, then three genotype seedlings were transferred to liquid MS medium containing 200 mM NaCl for three days, and the phenotypic changes were characterized.
Confocal microscopic observation
To prepare the 35S::AtSIA1-GFP fusion construct, the entire coding region of AtSIA1 was inserted directly upstream of the EGFP coding region in pBEGFP (pBEGFP is reconstructed based on pBin19). The construct was introduced into Arabidopsis by transformation, and T2 plants were used for GFP subcellular localization analysis. Leaflets of 2-weekold transgenic seedlings were used for the green fluorescence analysis (GFP localization) by a Carl Zeiss laser scanning system LSM 510 (http://www.zeiss.com). 
Results
Expression analysis of AtSIA1 gene and the salt response In Arabidopsis, there were 17 members of ABC1 proteins (Yang et al. 2012b ) The expression profiles of Arabidopsis ABC1 genes were analyzed under salt stress treatment by semi-quantitative RT-PCR. One of them (AtSIA1, At3g07700) was induced by salt stress (Fig. 1A) . Therefore, the functional investigation of At-SIA1 was focused hereafter.
To determine the expression patterns of AtSIA1, the seedlings of different development stages(8, 20 or 40-day-old seedlings) and various tissues such as seedlings, root, stems, rosette leaf, cauline leaf, and flower of Arabidopsis were analyzed by semiquantitative RT-PCR (Fig. 1B) . It was observed that the AtSIA1 gene was expressed primarily in green tissues such as rosette leaves and cauline leaves. (Fig. 1B) .
Subcellular localization of AtSIA1
Up to now, the sole ABC1-like proteins have been identified in the mitochondria and chloroplasts in Arabidopsis, which are related to the biogenesis and the function of respiratory complex and oxidative stress by Cd 2+ (Bousquet et al. 1991; Cardazzo et al. 1998; Jasinski et al. 2008) . To demonstrate the subcellular localization of AtSIA1, we also generated transgenic plants in which AtSIA1 was fused (C-terminal) with GFP and permanently expressed under the control of the cauliflower mosaic virus 35S promoter in Arabidopsis. The signal was visualized by confocal microscopy. The observed localization was identical with that obtained for the At5g19750-GFP (Fig. 2) , a plastid envelope membrane protein of the chloroplast (Nelson et al. 2007 ). This suggested that the localization of AtSIA1 was in chloroplast, which was consistent with the proteomic data prediction (Ytterberg et al. 2006) . 
Characterization of sia1 and AtSIA1 overexpress transgenic plants in Arabidopsis
To understand the biological functions AtSIA1 of ABC1 family members, we got its T-DNA insertion mutant line, SALK 020431. To confirm the inserted site of the sia1 mutant, three primers PCR was carried out, the results demonstrated that the T-DNA was inserted in the fifth intron of sia1 (Fig. 3A) . At the same time, we also constructed the AtSIA1 overexpression transgenic plants under the control of the constitutively active cauliflower mosaic virus 35S promoter (35S). After floral dip transformation, 7 individual herbicide Basta resistant lines plants including 3 homozygous lines were obtained in Fig. 4A . Then the expressions of AtSIA1 were identified by semi-quantitative RT-PCR among the herbicide Basta-resistant homozygous lines plants. All overexpression transgenic lines showed increased expression of AtSIA1, three lines of 35S::AtSIA1 were chosen for the following experiments (Fig. 4B) .
Overexpression of AtSIA1 improved tolerance to salt stress Since AtSIA1 is a salt induced gene (Fig. 1A) , it is possible that AtSIA1 plays a role in plant response to A -4-day Col-0 and 35S::AtSIA1 seedlings grown on MS medium were transferred to MS liquid medium, and cultured for three more days, and then pictures were taken. B -4-day Col-0 and 35S::AtSIA1 seedlings grown on MS medium were transferred to MS liquid medium containing 200 mM NaCl, and cultured for three more days, and then pictures were taken. C -4-day Col-0 and sia1 mutant seedlings grown on MS medium were transferred to MS liquid medium, and cultured for three more days, and then pictures were taken. D -4-day Col-0 and sia1 mutant seedlings grown on MS medium were transferred to MS liquid medium containing 200 mM NaCl, and cultured for three more days, and then pictures were taken. E, F -Statistical analysis of Survival rate after 4-days grown on MS medium and 3-days liquid medium or liquid medium containing 200 mM NaCl. (G H). Statistical analysis of chlorophyll content after 4-day growth on MS medium and 3-days in liquid medium or liquid medium containing 200 mM NaCl.
salt. The 4-days seedlings of three genotypes were transferred to liquid MS medium containing 200 mM NaCl for three days, then the phenotypic changes were observed (Fig. 5A, B, C, D) . Significant difference was observed in Fig. 5B , the growth of 35S::AtSIA1 transgenic seedlings was superior than that in wild type seedlings. When the MS liquid medium was supplemented with 200 mM NaCl, the survival rate of Col-0 was 40%, whereas the survival rate of 35S::AtSIA1 1, 2, 4 transgenic lines were 91%, 92% and 86% respectively (Fig. 5E) . Chlorophyll content was also measured as an indicatof stress after 200 mM NaCl treatment, as shown in Fig. 5G . The overexpressing lines of 35S::AtSIA1 1, 2 and 4 were 48 mg/g FW, 57 mg/g FW and 52 mg/g FW respectively, whereas Col-0 was 28 mg/g FW. However, no difference was observed between wild type and sia1 mutant seedlings after salt treatment (Fig. 5 D F H) .
These results showed that over-expression of 35S:: AtSIA1 in Arabidopsis increased salt tolerance and also suggested that AtSIA1 was involved in the response to salt stress.
Discussion
Throughout their life cycle, plants are often exposed to harsh environment. In order to survive, they evolved highly organized signalling networks to acclimatize themselves to stressful conditions via molecular, physiological, developmental and morphological characteristics. Among various unfavourable environmental conditions, salinity stress is one of the most serious stress factors that severely affected agronomical yield. The researches of salt stress response and tolerance in plants are effective strategies to understand the mechanism of salt resistance for industrial transgenic plants.
In this work, we provide evidence that AtSIA1 regulates a salt stress response, which encodes a chloroplast protein and belongs to the ABC1 family. The result showed that the overexpressing transgenic plants of AtSIA1 decreased the content of chlorophyll under salt stress. It should be noted that the knock-out mutant sia1 showed similar phenotypes with Col-0 immediately after salt stress treatments. This is probably because there exist several functional reduplicated gene in Arabidopsis.
However, it is still not known how the AtSIA1 is involved in regulating salt stress tolerance, although previous studies have shown that AtOSA1, TaABC1 and AtACDO1 also enhance the resistance of plants to abiotic stresses by maintaining reactive oxygen species homeostasis (Jasinski et al. 2008; Wang et al. 2011; Yang et al. 2012a ). Moreover, OsSIK1, a receptor-like kinases (RLKs) overexpression in rice also showed higher tolerance to salt stresses compared with WT through the activation of its antioxidative system (Ouyang et al., 2010) . Thus, the overexpression of 35S::AtSIA1 lines improve plant tolerance to high salinity, which may be due to the regulation of ROS balance.
